Abstract Few studies have investigated the factors related to the disability and physical function in degenerative lumbar spondylolisthesis using axially loaded magnetic resonance imaging (MRI). Therefore, we aimed to investigate the effect of axial loading on the morphology of the spine and the spinal canal in patients with degenerative spondylolisthesis of L4-5 and to correlate morphologic changes to their disability and physical functions. From March 2003 to January 2004, 32 consecutive cases (26 females, 6 males) with degenerative L4-5 spondylolisthesis, grade 1-2, intermittent claudication, and low back pain without sciatica were included in this study. All patients underwent unloaded and axially loaded MRI of the lumbosacral spine in supine position to elucidate the morphological findings and to measure the parameters of MRI, including disc height (DH), sagittal translation (ST), segmental angulation (SA), dural sac cross-sectional area (DCSA) at L4-5, and lumbar lordotic angles (LLA) at L1-5 between the unloaded and axially loaded condition. Each patient's disability was evaluated by the Oswestry Disability Index (ODI) questionnaire, and physical functioning (PF) was evaluated by the Physical Function scale proposed by Stucki et al. (Spine 21:796-803, 1996). Three patients were excluded due to the presence of neurologic symptoms found with the axially loaded MRI. Finally, a total of 29 (5 males, 24 females) consecutive patients were included in this study. Comparisons and correlations were done to determine which parameters were critical to the patient's disability and PF. The morphologies of the lumbar spine changed after axially loaded MRI. In six of our patients, we observed adjacent segment degeneration (4 L3-L4 and 2 L5-S1) coexisting with degenerative spondylolisthesis of L4-L5 under axially loaded MRI. The mean values of the SA under pre-load and post-load were 7.14°a nd 5.90°at L4-L5 (listhetic level), respectively. The mean values of the LLA under pre-load and post-load were 37.03°and 39.28°, respectively. There were significant correlations only between the ODI, PF, and the difference of SA, and between PF and the post-loaded LLA. The changes in SA (L4-L5) during axial loading were well correlated to the ODI and PF scores. In addition, the LLA (L1-L5) under axial loading was well correlated to the PF of patients with degenerative L4-L5 spondylolisthesis. We suggest that the angular instability of the intervertebral disc may play a more important role than neurological compression in the pathogenesis of disability in degenerative lumbar spondylolisthesis.
Introduction
Patients with degenerative lumbar spondylolisthesis may suffer from low back pain and disability, which greatly impacts their daily lives. It is most often seen in the lumbar spine at the L4/L5 level; slippage of vertebrae occurs if the facet joint locking mechanism fails, and will progress to a static or unstable condition over time [13] .
The etiologies of disability are multifactorial in degenerative lumbar spondylolisthesis; the leading factors responsible for disability are spinal instability and neurological compromise [8] . Other pathological factors associated with disabilities in patients with degenerative lumbar spondylolisthesis include chemical factors such as inflammation, discogenic pain, facet arthropathy, and myofascial pain from ligaments or paraspinal muscles [8] . Detection of the relevant factors associated with disability or physical functioning in degenerative spondylolisthesis is very important. However, there is only limited clinical data on the roles of spinal instability and neurological compromise in degenerative spondylolisthesis-related disability. Dynamic radiographs are currently used for detecting spinal instability. However, Soini et al. suggested that dynamic radiographs may only have limited value for diagnosis of instability of the lumbar spine in cases with disc degeneration [15] .
Axially loaded magnetic resonance imaging (MRI) or computed tomography (CT) simulates the upright position under normal gravity and mimics the condition of axial compression in the lumbar spine, enabling detection of dynamic or occult changes, such as mechanical compression of the dural sac or nerve root [3, 11] . Changes of the dural sac cross-sectional area (DCSA) of the spinal canal can be detected after axially loaded MRI or CT. Under axial loading, minimal alterations in intersegmental spatial relationships and more morphological changes could be found, including increased protrusion of the disc, decreased disc height, decreased DCSA and induced subluxation of the facet joint [3, 11] . Some changes could be correlated with clinical symptoms, and some would probably result in revised treatment protocols.
If spinal instability exists, patients with degenerative spondylolisthesis will exhibit mechanical back pain; their symptoms and signs are posture-related and may present as symptoms typical of spinal stenosis, such as intermittent claudication [14] . The Dynawell, a device for applying axial loading during computed tomography (CT) or MRI, was invented to simulate an upright lumbar spine [17] . Many studies related to the changes in the spinal canal in the normal and stenotic spine have been performed [4] . One study found that the DCSA and the morphology of the spinal canal differed in different states of loading. A significant decrease in the DCSA of asymptomatic subjects (56%) and spinal stenosis patients (76%) was seen [4] . Twenty-nine percent of symptomatic patients showed ''additional valuable imaging information'', including DCSA changes [ 15 mm 2 , synovial cysts, lateral recess stenosis and herniated intervertebral discs. About 80% of patients with lumbar stenosis had significant narrowing of the spinal canal (at least 15 mm 2 ). By using axially loaded MRI, we can detect the extent and changes of intervertebral disc height (DH), sagittal translation (ST), segmental angulation (SA), DCSA at L4-5, and lumbar lordotic angles (LLA) at L1-5 before and after loading, and the additional morphological changes under axial loading in degenerative lumbar spondylolisthesis.
However, the roles of these parameters in spinal disability and physical function have not yet been determined in patients with degenerative lumbar spondylolisthesis. We sought to understand the correlation between these parameters and the severity of physical disabilities and physical function; we therefore designed this prospective clinical study to determine which critical factors were responsible for the symptoms of disability and physical functioning in degenerative spondylolisthesis of L4-5, by means of axially loaded MRI.
Materials and methods
Thirty-two consecutive patients (6 males, 26 females), with diagnoses of degenerative L4-L5 spondylolisthesis, grade 1 or 2 slippage, were included in this study. Patients with degenerative scoliosis were excluded in this study. All patients had back pain without sciatica or leg pain, and had intermittent claudication.
Axial loading was done using the Dynawell instrument (Dynawell Int. AB, Billdal, Sweden). Patients were placed in the supine position without changing their position during examination and wore a harness with their feet positioned against a footplate on the compression device. By adjusting the side straps, we controlled the axial load on the lumbar spine. Axial compression of the lumbar spine was affected by loading the patient with 50% body weight on the foot-plate; this was maintained for 5 min before reimaging to mimic the influence of gravity or loading on the lumbar spine in the upright position. We aimed to focus the geometrical factors on MRI, not on radiograph. All patients underwent preload MRI examinations (T1), and then immediately underwent axially loaded MRI (T1 and T2) for both sagittal and axial images of the lumbo-sacral spine. All patients underwent preload MRI examinations of the lumbo-sacral spine (1.5T Signa Cvi, GE medical systems, Milewaukee, Wis), and then immediately underwent axially loaded MRI by phase array spinal coil. The preload sequences included sagittal fast spin-echo T1-weighted (FOV 28 9 28, matrix 256 9 512, etc.) Three patients were excluded from this study after axial loading, due to the occurrence of intolerable back pain in one patient, and numbness and sciatica in the other two; one of these two patients sustained persistent sciatica and numbness after axial loading. The electrophysiology study revealed lumbosacral radiculopathy. The sciatica improved 2 months later after conservative treatment. In the end, a total of 29 (5 males, 24 females) consecutive patients were included in this study.
By using axially loaded MRI, we planned to depict the possible morphological changes in detail, including the changes in DCSA, buckling of the ligamentum flavum, bulging of a herniated disc, narrowing of a lateral recess, asymmetric distortion of the dural sac, facet joint subluxation, facet joint synovial cyst, etc., in patients with degenerative spondylolisthesis.
DH is a good indicator for disc flexibility. ST and SA are two factors associated with spinal stability. DCSA, a good neural compression indicator, is the factor associated with the severity of spinal canal stenosis. Therefore, we measured MRI parameters, including the intervertebral DH, ST, SA, DCSA at the L4-5 level, and LLA at the L1-5 level before and after loading in degenerative spondylolisthesis.
The DH, ST, SA at L4-5, and LLA at L1-5 were measured from sagittal lumbar MRI, and the DCSA at L4-L5 was measured from axial lumbar MRI using a measurement program on a digital image view station (Magic View 1000; Siemens) ( Fig. 1) . DH was measured from the means of anterior, middle, and posterior disc height. We measured the net sagittal displacement between two vertebrae as ST; we also deemed the disc angle difference between the upper and lower endplates to be disc SA before and after loading. DCSA was measured by depicting the area surrounding the dural sac on Axial T1WI. Each patient's disability was evaluated by the Oswestry Disability Index (ODI) questionnaire proposed by Fairbank et al. in 1980 [7] , and physical functioning (PF) was also evaluated by the Physical Function scale proposed by Stucki et al. in 1996 [16] . Statistical comparisons and correlations between the differences of DH, ST, SA, DSCA, LLA between loaded and unloaded MRI, and the ODI and PF were performed to determine which parameters were critical to the patient's disability and PF. Informed consent was obtained from all patients for inclusion of all of their medical data in this document.
Statistical analysis
We used the JMP software package for statistical analysis. Means and standard errors of ODI and PF scores, and stratification by age and sex, are shown in Table 2 . To adjust for potential confounders, we performed multiple linear regression analysis to determine, which relevant factors contributed to the disability (ODI) and PF of degenerative L4-L5 spondylolisthesis. The effect estimates were expressed for a change of each factor by an inter-quartile range. P values below 0.05 indicated statistical significance. 
Results
The morphologies of the lumbar spine changed after axially loaded MRI. Additional valuable imaging information for axially loaded MRI is listed in Table 1 (expressed by the case numbers and the corresponding percentages in our series), including the significant changes of DCSA (more than 15 mm 2 ) in 13 patients, spinal stenosis with DCSA less than 100 mm 2 in preload (11 cases) and post-load status (16 cases), the presence of buckling of the ligamentum flavum (5 cases), the presence of a herniated disc (6 cases), narrowing of the lateral recess (7 cases), asymmetric distortion of the dural sac (5 cases), facet joint subluxation (1 case), and facet joint synovial cyst (1 case) after axial loading. In the more symptomatic patients, we found some morphological changes after axially loaded MRI. Surprisingly, we observed that six patients had adjacent segment degeneration (4 L3-L4 and 2 L5-S1) coexisting with degenerative spondylolisthesis of L4-L5 under axially loaded MRI (Fig. 2) .
The mean values of the DCSA, DH, SA, ST at the L4-5 level and LLA at the L1-5 under pre-load and post-load were recorded in Table 2 . The mean values of the SA under pre-load and post-load were 7.14°and 5.90°at L4-L5 (listhetic level), respectively. The mean values of the LLA under pre-load and post-load were 37.03°and 39.28°, respectively.
We found that age and sex might interfere with ODI and PF scores in our population (Table 3) . Distribution of L4-5 predictors under axially loaded MRI in our population was expressed in Table 4 . After adjustment for sex and age, significant associations were found between the ODI, PF and the difference of SA (Table 5) , and the PF and the post-loaded LLA (P = 0.02) (Table 6) , only. However, there were no significant relationships between the ODI, PF and other parameters. We also checked for the associations of L2-3, L3-4, and L5-S1 levels and no levels showed significant results in our population (data not shown). We also did not find significant associations between the parameter of DCSA that could be evaluated by MRI only, and ODI or PF. We found that the disability was more severe and symptomatic if the patients had additional morphological changes, such as herniated disc, facet joint synovial cyst, facet joint subluxation, or lateral recess narrowing.
Discussion
Degenerative spondylolisthesis is a common cause of low back pain, instability and disability, and can affect a patient's quality of life. The etiologies of disability in patients with degenerative lumbar spondylolisthesis are multifactorial, and include mechanical factors such as spinal instability, neurological compromise, chemical factors, and other factors such as discogenic pain, facet arthropathy, and myofascial pain from ligaments or paraspinal muscles, etc. [8] . Therefore, it is very important for us to detect the critical factors affecting disability or physical functioning in degenerative spondylolisthesis. Axially loaded MRI is a useful tool for study of the anatomical changes of the spinal canal of the lumbar spine. It can also aid diagnosis of instability, or occult spinal disorders, such as equivocal herniated discs or stenosis, by simulating the upright position under normal gravity. These changes can influence treatment decisions for 25% of symptomatic patients with spinal stenosis [11] . However, there are only a few clinical studies on the roles of axially loaded MRI in degenerative spondylolisthesis-related disability.
The spine is a flexible structure; discs are viscoelastic and facet joints provide scant motion. The dynamic changes of the disc in patients with degenerative lumbar spondylolisthesis seem important, so we studied them by means of the Dynawell axial loading instrument to investigate morphological changes in the lumbar spine under axial loading, and to correlate the severity of disability and various geometrical factors, such as segmental instability, and dynamic changes of neural compression using a multiple regression model on axially loaded MRI. The status of segmental instability can be exhibited in SA and ST, while the dynamic changes of neural compression under loading, such as DCSA, influence the neurogenic claudication and might be another parameter of segmental instability.
In patients with degenerative spondylolisthesis of L4-5, the intervertebral disc of L4-5 degenerated and the locking mechanism of the facet joint of L4-5 failed, and will progress to a static or unstable condition over time [13] . The segmental instability of L4-5 may originate from the changes of morphology under axial loading, including the changes in DCSA, buckling of the ligamentum flavum, the presence of a herniated disc, facet joint synovial cyst, and facet joint subluxation, asymmetric distortion of the dural sac, and narrowing of the lateral recess after axial loading. Therefore, the SA, ST, DH, and DCSA are all possible pathological factors responsible for the segmental instability of vertebral structures in patients with degenerative spondylolisthesis. The severity of instability may be associated with the changes of such dynamic parameters. In our study, we could not find a significant correlation between DCSA and ODI; however, we found that the disability was more severe and symptomatic if patients had additional morphological changes, such as herniated disc, facet joint synovial cyst, facet joint subluxation, or lateral recess narrowing. Therefore, we believe that the morphological changes revealed by axial loading could be the signs of segmental instability, and the dynamic instability might be the pathogenesis of disability for degenerative spondylolisthesis.
Lumbar intersegmental instability has been defined as the ST of more than 4 mm and/or SA of more than 10°on dynamic flexion-extension of lumbo-sacral radiographs [1, 6, 10, 14] . We can accurately evaluate the severity of spinal canal compromise by calculating the DCSA. DCSA under 100 mm 2 is defined as relative spinal stenosis, and DCSA less than 75 mm 2 is defined as absolute spinal stenosis [14] . Indicators of potential disability for degenerative spondylolisthesis (L4-L5) include changes in disc height, ST, SA and changes in DCSA at L4-L5.
Danielson et al. [4] and Willen et al. [5] have reported mean DCSA decreases of 30 mm 2 at L4-L5 in patients with suspected spinal stenosis. However, mean DCSA decreases were only 19.25 mm 2 at L4-L5 in our series; the decreased change in DCSA may be attributed to the more severe degeneration and less dynamic flexibility in the lumbar degenerative spondylolisthesis of our series.
Our data showed that the SA was the only critical factor associated with the disability and PF in degenerative spondylolisthesis of L4-5. We assume that the degenerated disc of spondylolisthesis with abnormal angular movement may be more susceptible to instability and posterior herniation under an axial force, and may cause neural compression, which is a possible cause of the disability and poor PF in patients with degenerative spondylolisthesis. Iguchi et al. [12] used dynamic flexion extension radiographs to evaluate the relationship of instability to lumbar symptoms, and suggested that ST contributes more than SA to lumbar symptoms; these results differed from ours evaluated with axially loaded MRI. Axially loaded MRI can provide more accurate parameters, detect dynamic or occult changes of neurological compromise or nerve root indentation, as well as some additional morphological changes. The direction of ST was perpendicular to the force of axial loading; therefore, the severity of translational instability is difficult to completely exhibit on axially loaded MRI. However, the ST of L4-L5 seemed not to be such an important factor in the disability or PF under axially loaded MRI in patients with degenerative spondylolisthesis. Fujiwara et al. [9] reported that axial rotational motion was most affected by disc degeneration. We assume that the disc degenerates in degenerative spondylolisthesis; therefore, SA might be a more important parameter for physical disability in lumbar degenerative spondylolisthesis, in view of our results.
Among these parameters, only changes in SA (at the L4-5 listhetic level) can be regarded as disability indicators. In this study, we were able to predict the severity of disability by measuring the difference of SA on loaded and unloaded MRI. The Dynawell instrumental application simulates the upright position, which aids the determination of spinal morphological changes under axial loading and helps us understand the severity of neurological compromise by measuring DCSA; it also provides additional information at the junctional level, such as herniated disc potential and the presence or absence of instability or stenosis at L3-4 or L5-S1. Determining the meaning of these changes (L3-4 or L5-S1) will require more study. The difference in angulatory motion of L4-5 can be considered an important factor of segmental instability, and it also correlates well with the severity of physical disability and PF. We believe that the angular instability of the intervertebral disc may play a more important role than neurological compression in the pathogenesis of disability in degenerative lumbar spondylolisthesis.
A previous study suggested that segmental vertebral fusion might accelerate the degenerative process at the adjacent levels [2] . In six of our patients, we observed a phenomenon in which some radiographically occult adjacent or junctional problems (potential L3-L4 and L5-S1 herniated disc, or ligmentum flavum) coexisted with degenerative spondylolisthesis of L4-L5. However, this problem was not evident during unloaded MRI, only through axially loaded MRI. Therefore, junctional degeneration might have occurred before segmental fusion in some patients with degenerative lumbar spondylolisthesis of L4-5. We suspect that pre-operative degeneration may play an important role in the determination of postoperative junctional problems in such patients. Using axially loaded MRI, we found some premature degeneration of L3-4 or L5-S1 coexisting with degenerative spondylolisthesis of L4-5, which may be associated with the compensatory stress accumulation at the junction segment (L3-4 or L5-S1) adjacent to the degenerated listhetic segment (L4-5). Disc degeneration at the junction level might be associated with future junctional problems, such as instability or stenosis of L3-4 or L5-S1 after fusion of the L4-5 vertebrae; this possibility requires further study.
Patients with degenerative lumbar spondylolisthesis differ in their symptoms, such as low back pain, intermittent claudication, sciatica, disability, etc. However, most people with low-grade spondylolithesis have no obvious symptoms and no need to seek medical care because they have no compelling symptoms. Furthermore, low-grade spondylolithesis is an incidental finding in many patients. Therefore, we think that neurological compression is not the only factor responsible for the severity of symptomatic patients with degenerative spondylolisthesis. Some occult instability expressed in the changes in SA under axial loading causes their symptoms to deteriorate. We suggest that the angular instability of the intervertebral disc may play a more important role than neurological compromise in the pathogenesis of disability in degenerative lumbar spondylolisthesis.
Conclusions
Axially loaded MRI using the Dynawell device, allows to demonstrate morphological changes in patients with symptomatic degenerative spondylolisthesis. Only SA at L4-5 is well correlated with physical disability (ODI) and PF; the post-load LLA was well correlated to the PF of patients with degenerative L4-L5 spondylolisthesis. Under axially loaded MRI, SA of L4-5 can be a good indicator of disability in patients with degenerative spondylolisthesis of L4-5.
